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Close to 60% of energy produced in the U.S. is wasted as heat, which can be directly 
converted into electricity using thermoelectric (TE) technology via the Seebeck effect. 
However, the potential use of TE technology for energy harvesting has not been fully 
explored yet, especially in civil infrastructure applications. Therefore, the aim of this 
work is to investigate the possibility of developing TE concrete by incorporating 
semiconductor nanoparticles, such as zinc oxides (ZnO) and ZnO alloys in cement paste. 
This study has systematically evaluated the influence of aluminum ZnO (AZO) 
nanoparticles and undoped zinc oxide (ZnO) nanoparticles on the thermoelectric, 
hydration, and rheological behavior of portland cement paste. In order to elucidate the 
thermoelectric efficiency of semiconductors nanoparticles in cement paste, physical and 
chemical experiments were performed on ordinary portland cement pastes with water to 
binder ratio of 0.35 dosed with 0, 0.2, 0.4, 0.6, 0.8, and 1% weight fraction of ZnO and 
AZO nanoparticles. At the SMART Lab at Purdue, the thermoelectric behavior was 
evaluated with a newly developed test method of Seebeck coefficient measurement on 
cementitous materials, along with electrical and thermal conductivity measurements. In 





differential scanning calorimetry, thermogravimetric analysis, and fourier-transform 
infrared spectrometry were performed on the samples. The effect of aluminum doped 
zinc oxide (AZO) and undoped zinc oxide (ZnO) nanoparticles added to the 
superplasticizer adsorption isotherm and rheological properties of cement paste 
composites were evaluated and the adsorption isotherm and zeta potential of pastes 
containing different proportions of ZnO and AZO nanoparticles were analyzed. The 
mechanism of superplasticizer adsorption by nanoparticles was found to be a dominant 
factor that controlled the rheological properties of composites. The mixtures containing 
0.4 wt. % cement paste AZO nanoparticles showed excellent workability retention as 
compared to the reference sample, while, the poor workability retention was observed at 
higher dosages. The pastes containing AZO exhibited a preferred hydration behavior. 
Results also indicated that both ZnO and AZO nanoparticles can improve the 
thermoelectric properties of cement paste, and the highest thermoelectric properties of 
composites was found with 0.4% weight fraction of nanoparticles. The addition of 0.4 
wt. % cement paste AZO nanoparticles resulted in 17% increase in Seebeck coefficient, 9% 
decrease in thermal conductivity, and 37% increase in electrical conductivity compared to 
that of reference specimen. This suggests that AZO can be potentially used for 
thermoelectric energy harvesting purposes to use the temperature difference between the 
ambient and the pavement layers, without compromising hydration and rheology 





CHAPTER 1. INTRODUCTION 
1.1 Energy Harvesting Opportunities in Civil Infrastructure  
Over 60% of energy produced in the U.S. is wasted as heat - a massive resource of 
renewable energy that can be converted into electrical energy using thermoelectric effects 
[1]. Thermoelectric (TE) technology has been widely used in military and aerospace 
applications for converting waste heat into electricity. However, the possibility of using 
TE technology for energy harvesting in civil infrastructure has not been fully explored 
yet.  
Large quantity of heat is wasted in various elements of civil infrastructure, by 
mechanisms such as thermal storage in concrete structures, temperature differences 
between building envelopes, and heat transfer in building materials. For instance, the 
surface temperature of the infrastructure often significantly increases in big cities, 
especially in hot climate areas, and this opens up an opportunity for using TE technology 
to convert thermal energy into electricity. This opportunity can be materialized by using 
thermoelectric nanomaterials in civil infrastructures [2, 3] since nanoparticles can 
improve concrete thermoelectric properties. Additionally, mechanical properties and 
durability of cement and concrete composites can be improved by adding nanoparticles to 





1.2 Nanomaterials in Cement and Concrete Composites 
Nowadays, there is a rapidly growing interest in using nanoparticles in cement 
and concrete products to tailor materials’ mechanical and durability properties [10-14]. 
The high surface to area ratio of nanoparticles leads to more chemical interactions at the 
interface, which results in enhanced or novel properties and functions. For instance, the 
addition of nano SiO2 and Fe2O3 was found beneficial in improving the mechanical and 
durability properties of cementitious materials [15-19]. It has been stated that the 
mechanical properties of high performance concrete can be improved by incorporation of 
nano-Al2O3 [20]. The addition of Cr2O3 nanoparticles can enhance the water permeability 
resistance of concrete due to refinement of the pore structure [21]. The TiO2 
nanoparticles have shown the ability of removing organic pollutants from building 
facades when exposed to UV radiation [22]. The incorporation of nanomaterials has also 
been  found to be a promising approach to improve the pore structure of concrete as the 
modulus of elasticity, strength and durability properties are subsequently enhanced [23-
26]. Carbon nano tubes (CNT) have been added to cement composite in order to improve 
the mechanical and durability properties of concrete. It has been reported that by adding 
up to 1% wt. multi wall carbon nanotubes (MWCNTs), the porosity and microstructure of 
cement paste improves while  the amount of mesopores is drastically reduced [27]. A 
detailed study on the effects of MWCNTs concentration and aspect ratio was conducted 
by Konsta-Gdoutos et al. [28]. Nanoindentation results proved that the use of MWCNTs 
can increase the amount of high stiffness C–S–H and decrease the porosity. Metaxa et al. 
used the nanoindentation technique to estimate the volume fraction of the capillary pores 





most common one due to its unique properties including self-cleaning and pollution 
remediation for structures and the environment [30, 31], UV-blocking characteristics [32], 
and gas sensing activities [33]. Furthermore, ZnO has piezoelectric characteristic due to 
its non-centrosymmetric crystallographic structure [34]. Therefore, it can be a promising 
technology for structural health monitoring by powering the sensors through the 
deformation of structures. In the cement and concrete industry, the zinc oxide has been 
used as admixture for cement paste and concrete mixture to tailor intrinsic properties of 
the composite, such as increasing the hydration rate and decreasing the heat evolution 
when it is combined with metakoalin as a supplementary cementitious material [35-37]. 
Moreover, ZnO addition was found to be effective in reducing the corrosion rate of 
embedded steel bar in concrete [38].  
1.3 Application of ZnO Nanoparticles in Cement and Concrete Composites 
ZnO is an inorganic semiconductor compound with a direct band gap of 3.3 eV at 
room temperature. Similar in their photocatalytical performance to TiO2, the ZnO 
nanoparticles have been used in self-cleaning applications in concrete structures [30, 31, 
39]. Moreover, due to several unique properties of ZnO nanoparticles, such as 
thermoelectric properties, there is a rapid growing interest in using such nanoparticles in 
cement composite for energy harvesting applications [40]. Additionally, ZnO can be 
considered as an environmentally friendly material [41]. Zinc can be obtained from waste 
material, which has led more interest in using its products such as zinc oxide. Electric arc 
furnace dust (EAFD) contains up to 90% zinc which can be used in the production of zinc 





Several studies have been performed on hydration properties of cement paste with 
ZnO nanoparticles. Researchers have explained the effect of zinc ions on the hydration 
properties of cement paste with supplementary cementitious materials (SCM) [43, 44]. 
Taylor-Lange et al. argued that the chemical retardation could be eliminated by adding 
ZnO to metakaolin-cement mixtures while maintaining the acceleration [45]. Retardation 
is one of the major drawbacks of using ZnO in cement paste, especially when setting time 
is not required to be elongated [46-48].  In another study performed by Puertas et al., the 
hydration and leaching behavior of cement mixed with ZnO was studied. It was shown 
that adding ZnO to the cement paste could significantly prolong the initial and final 
setting times [37]. One promising idea to reduce the adverse effects of ZnO nanoparticles 
on the hydration properties is to add a supplementary material which can accelerate the 
hydration. In this scope, the effect of binary alloys of ZnO nanoparticles additives on 
hydration behavior of cement paste has been investigated in this study. Also, in cement 
and concrete industry zinc oxide has been used as admixture for cement paste and 
concrete mixture in order to change some intrinsic properties of the composite, such as 
increasing the hydration rate [49] and decreasing the heat evolution [35-37, 45].  
Regarding the energy harvesting characteristics of ZnO, improving the 
thermoelectric properties of cement composite by using such materials in the mixture is 
highly attainable. According to a study performed on the US pavement temperature 
models [50], the maximum temperature difference between the air temperature and 
pavement temperature at a depth of 25mm is 22.5 ⁰C (295.65 K). The average difference 
between the air temperature and pavement temperature at a depth of 25mm for different 





promising opportunity in energy harvesting. A theoretical calculation of the amount of 
energy that can be harvested considering the maximum temperature difference, i.e. 295K, 
is 50 mW/cm
2
. In this calculation, the Seebeck coefficient is 0.2 μV/K, the electrical 
conductivity is 60 S/m, and the thermal conductivity is considered 0.6 W/m.K.  
    Table ‎1.1. Average difference between the air temperature and pavement temperature 
                Air Temperature (⁰C) 
Latitude ↓ 20⁰C -25⁰C 25⁰C -30⁰C 30⁰C -35⁰C 35⁰C -40⁰C 40⁰C -45⁰C 
<30⁰ - - 20.2⁰C 19.1⁰C - 
30⁰-35⁰ - - 19.8⁰C 19.6⁰C - 
35⁰-40⁰ 14⁰C 22.5⁰C 18.2⁰C 18.7⁰C 14.8⁰C 
40⁰-45⁰ 16.5⁰C 18.2⁰C 17.8⁰C 16.4⁰C - 
>45⁰ 16.9⁰C 17.5⁰C 14.7⁰C 12.1⁰C - 
  
Few research studies have been performed to study the thermoelectric potentials 
of cement and concrete materials. Wen and Chung [51] studied the Seebeck effect in steel 
fiber reinforced cement, and found that adding steel fiber and silica fume to the mixture 
leads to a considerable increase in the thermoelectric power. Another study on carbon 
fiber reinforced concrete performed by Wei et al. [2, 3] showed that carbon fibers could 
enhance Seebeck effect. Carbon fiber reinforced concrete was employed directly to 
harvest urban outdoor heat during summer [2, 3]. Also, the addition of carbon fiber was 
found to be effective in increasing the linearity and reversibility of the Seebeck effect 
[52]. However, due to two crucial drawbacks that using carbon fiber causes, i.e. increase 





fibers to the mixture would lead to a lower power output as well as lower durability. 
Therefore, other types of materials should be used that can result in a better output. 
1.4 Scope of This Thesis 
To the best of our knowledge, no studies have investigated the feasibility of 
developing thermoelectric cement composite with ZnO and Al doped ZnO (AZO). To fill 
this knowledge gap, the aim of this study is to systematically investigate the effect of 
ZnO and AZO on TE properties and fresh properties of cement composites. This study 
has systematically evaluated the influence of aluminum ZnO (AZO) nanoparticles and 
undoped zinc oxide (ZnO) nanoparticles on the thermoelectric, hydration, and rheological 
behavior of portland cement paste. To elucidate the thermoelectric efficiency of 
semiconductor nanoparticles in cement paste, physical and chemical experiments were 
performed on ordinary portland cement pastes with water to binder ratio of 0.35 dosed 
with 0, 0.2, 0.4, 0.6, 0.8, and 1% weight fraction of ZnO and AZO nanoparticles. The 
thermoelectric behavior was evaluated with a newly developed test method of Seebeck 
coefficient measurement on cementitious material at the SMART Lab at Purdue. 
Moreover, to elucidate the chemical aspects of the hydration properties, X-ray 
diffractometry (XRD), differential scanning calorimetry (DSC), thermogravimetric 
analysis (TGA), and fourier-transform infrared spectrometry (FTIR) were performed on 
the samples. The effect of aluminum doped zinc oxide (AZO) and undoped zinc oxide 
(ZnO) nanoparticles added to the superplasticizer adsorption isotherm and rheological 
properties of cement paste composites were evaluated and the adsorption isotherm and 





were analyzed. The mechanism of superplasticizer adsorption by nanoparticles was found 
to be a dominant factor which governed the rheological properties.  
This thesis consists of five chapters. In chapter one, an overview of literature 
regarding cement and concrete composites is presented, a brief discussion of 
implementing nanomaterials in cement and concrete mix design is provided, and the 
scope of this thesis is elaborated. Chapter two contains a comprehensive literature review 
with regards to energy harvesting potentials in cement and concrete composites. 
Fundamentals of thermoelectric effect, including the Seebeck effect, thermal conductivity, 
electrical conductivity, and figure of merit are explained. Additionally, a brief history of 
the development of thermoelectric materials is provided while the application of ZnO 
nanomaterials in cement composite with regards to energy harvesting is studied. Chapter 
three discusses the experimental design of this project, including the mixture design of 
the cement composite, and the experiments performed in this study, such as fresh 
properties containing the hydration analysis, rheological measurement, zeta potential 
analysis, and adsorption isotherm, chemical properties containing phase characterization, 
and thermoelectric properties containing Seebeck coefficient, thermal conductivity, and 
electrical conductivity  measurement. In chapter four, the results of the fresh properties, 
chemical characteristics, and thermoelectric properties of cement composite are presented 
and thoroughly discussed. Zeta potential, adsorption isotherms, rheological properties, 
and hydration analysis as fresh properties are examined as well as XRD/DSC/TGA 
analysis and FTIR analysis were performed and the results are also discussed. Finally, 





CHAPTER 2. LITERATURE REVIEW 
2.1 Overview of Energy Harvesting Opportunity 
Each year nearly 60% of the energy produced in the US is lost as waste heat.  
Among them 20-50% waste heat is generated in industrial processes, such as power 
plants, metal furnaces, and chemical production. Figure ‎2.1 shows 2015 energy flow 
chart released by Lawrence Livermore National Laboratory, which details the sources of 
energy production and energy consumptions. In the U.S. manufacturing sector alone, 
more than 3000 TW of waste heat energy is lost each year, which is equivalent to more 
than 1.72 billion barrels of oil [1, 53]. Also, the increasing consumption of fossil fuels 
has led to severe environmental issues, such as global warming, ozone depletion, and 
atmospheric pollution [54]. Furthermore, the fast development of industrialization has 
caused energy shortages all over the world. The overall energy demand of the world has 
constantly been increasing. Thus, a new generation of high-performance and cost-effective 
thermoelectric material would have significant impact on meeting the challenges of 
increasing energy demands in the future. Thermoelectric devices are a promising 
renewable energy technology as these solid-state devices can directly convert heat 
obtained from sources such as power plants, factories, motor vehicles, computers, or even 
human bodies into electrical energy devices can also without using toxic chemicals and 





energy for heating through the Peltier effect. However, the low efficiency of current TE 
devices has resulted in limited commercial application. Figure  2.2 depicts the potentials 
for using thermoelectric devices for power generation. As shown, different scales of 
energy generation relate to different applications [59]. The conversion of waste heat into 
electricity could have a significant impact on the energy technology to assist us in 
reducing our dependence on fossil fuels; hence, solving environmental issues. 
 
 
Figure ‎2.1. Energy flow chart released by LLNL for the year 2015 [1] 
 
 






The term “thermoelectric effect” came into existence around mid-19
th
 century. 
Thomas Johann Seebeck was one of the pioneers in thermoelectric technology. In 1821, 
he first discovered the direct conversion of temperature difference into electric voltage. 
This phenomenon was named after him because he first identified this effect through an 
experiment. This experiment consists of a circuit with two metals, when one end was 
heated, a thermoelectric induced current would deflect the compass needle. It was 
initially thought that the compass deflection was due to the magnetism induced by 
temperature difference and was related to the Earth’s magnetic field. However, he soon 
realized that it was in fact caused by a phenomenon which he later coined as the 
“thermoelectric force”. This phenomenon created an electric current that by Ampere’s 
Law caused the deflection [60]. The difference in voltage generated due to temperature 




        [1] 
In 1838, a Russian physicist by the name of Heinrich Lenz discovered that 
depending on the direction of the current, removing heat from the junction could freeze 
water into ice while reversing the direction of the current would melt ice. 
 
  (     )                  [2] 
Where Q was the heat generated at the junction per unit time. It was equal to Peltier 
coefficient of conductor A and B (πA−πB) and I was the electrical current passing through 
the junction. The amount of heat carried through a system per unit charge is represented 
as the Peltier coefficients. Peltier realized that if the πA and πB were different, a 
continuous flow of current had to be supplied across the junction, or else a discontinuity 






junctions in a heat pump device consisting of multiple junctions created by Peltier, would 
lose heat while others gained heat. This phenomenon is adopted in many thermoelectric 
cooling devices in refrigerators [61]. The close relationship between Peltier and Seebeck 
effects can be expressed as π= TS, which was later established by Lord Kelvin, where he 
explained the correlation between  Seebeck and Peltier effects, also known as the Kelvin 
Relations. He found that the effects were related by thermodynamics which lead him to 
discovering the third thermoelectric effect, which is now known as the Thompson effect 
[62]. 
 
2.2 Fundamental of thermoelectric effect 
The efficiency of a material for TE applications is determined by a dimensionless 
quantity ZT, where T is the absolute temperature, and Z is:  
   
   
  
       [3] 
In this equation, S is the Seebeck coefficient, σ is the electrical conductivity, and k is the 
thermal conductivity. In physics, k consists of the electronic part (ke, due to carrier 
transport) and lattice part (kPh, due to phonon transport). The term S
2
σ is called the power 
factor (PF). A large PF indicates that a large voltage with high current will be generated, 
whereas a low k is preferred to restrict the energy loss due to the thermal leakage from 
the hot to cold side in a device.  
2.2.1 Seebeck Effect 
Seebeck coefficient (S, also referred as thermopower, in V/K) is an intrinsic 
materials property, which measures the thermoelectric voltage induced in response to a 






between the average charge carrier energy and Fermi energy. Mathematically, it can be 










)       [4] 
In this equation, EF is the Fermi level, which can be mathematically expressed by 
Equation 4 where the dependence on the temperature (T) and the Boltzmann constant (K) 
are made explicit. The variable E represents energy, and   the electrochemical potential. 
 ( )  
 
   
   
  
          [5] 
As a rule, electric current exists when charge carriers flow from one point to 
another. This flow depends on the difference of Fermi levels between the two points: If a 
given state is occupied by electrons in point A, but states with lower energy are available 
in point B, the charge will move from A to B to occupy the lower state. When applying a 
difference of voltage between the two contacts (    ), the electrochemical potentials 
between the two ends will shift, creating a Fermi window (a difference between two 
Fermi functions). By doing so, a series of states will be available in B, so the electrons in 
A with an energy greater than     will flow to B, generating electric current. 
2.2.2 Thermal Conductivity 
Thermal conductivity is the parameter that describes how efficiently a material 
can conduct heat. If the material has a high thermal conductivity, the temperature 
gradient would quickly turn into a uniform temperature, so the thermoelectric 
phenomenon would no longer be observable. In the case of semiconductors, the total 
thermal conductivity (  ) can be calculated through the sum of two other components, as 






                [6] 
In Equation 6,   and    are, respectively, the electron and lattice thermal conductivity.    
is known as the most important mechanism for heat conduction in semiconductors at 
temperatures close to room temperature, which normally accounts for 90% contributions 
in wide bandgap material. However, the contribution of electrons to the heat transport 
cannot be neglected due to a series of reasons: 
1. Semiconductors engineered to work as TE materials are often heavily doped, in order 
to achieve higher electrical conductivity [63]. Since doping the material increases the 
number of charge carriers, it naturally increases the total amount of heat that is 
transferred by these carriers as well. So, doping can be an effective strategy to 
increases the power factor in a material, but it also simultaneously increases   . 
2. At higher temperatures,    increases to become the dominant mechanism of heat 
transfer. With an increase in temperature, charge carriers become thermally excited 
and as a result, they can carry more heat [63]. For this reason, the development of TE 
materials to operate in higher temperatures must take these effects into consideration 
due to charge carriers. 
To properly understand the heat conduction mechanism in the lattice, the concept 
of phonons needs to be discussed. Phonons are lattice vibration that travels throughout 
the crystal, possessing a specific frequency and wavelength. Accordingly, based on the 
wave-particle duality, the behaviors of phonons can also be viewed as a particle and a 
wave. Similar to electrons, they can be described by a dispersion relation. Because the 
semiconductor crystals are periodic, the phonon dispersion relations are also periodic 






2.2.3 Electrical Conductivity 
As seen in section 2.2, thermal conductivity describes how efficiently a certain 
material can conduct heat. Likewise, electrical conductivity (σ) describes the ease with 
which a material conducts charge carrier transport. A high value for σ means that charge 
carrier (or electric current) can easily flows through the material. To properly understand 
the dependence of σ on the temperature, let us first consider an electron able to move 
within a crystal lattice. In an ideal case, this lattice composed of a certain arrangement of 
atoms that periodically repeat themselves in a perfect fashion. The moving electron sees 
each one of these atoms as a potential field, so the lattice itself is a periodic arrangement 
of potential fields. It is important to bear in mind that, due to thermal effects, these atoms 
are vibrating in the lattice. In higher temperatures, the amplitude of the vibrations are 
bigger, thus, the potential disturbances are more intense, causing more frequent electron 
scattering [65]. Using the Landauer approach,   can be written according to the following 
equation [64]: 
  





)      [7] 
This equation summarizes several different physical factors that interfere in the charge 
transport, in a set of simple terms. Here, conductance is defined by the quantum of 
conductance (
   
 
), the average mean free path for backscattering, (( )) and the average 
number of channels in the Fermi window (   ). The quantum of conductance is the 
basic quantized value for conductivity. The average mean free path for backscattering is 
the result of several different phenomena acting together to interfere with the mobility of 






lattice atoms. The average number of channels is defined as being the ratio of available 
modes per unit area. It is important to remember that the only channels that should be 
considered for  conductivity are the ones inside the Fermi window [64]. Putting it in other 
terms, the only channels to be considered are the ones available in the interval of Fermi 







CHAPTER 3. EXPERIMETNAL PROCEDURES 
3.1 Materials 
All specimens were cast with a Twister Evolution vacuum mixer, and cured with 
potable water and Portland cement (C) type I 42.5R according to ASTM C150 [66]. The 
cement pastes were prepared in this study by using a vacuum mixer to reduce the 
entrapped air voids in the mixes.  For maintaining the workability, a polycarboxylate 
ether based superplasticizer (SP) with a density of 1.108 g/cm
3
 was used. As admixture, 
ZnO and aluminum ZnO nanoparticles were added to the mixture. Some physical and 
chemical characteristics of cement, and ZnO and AZO are presented in Table ‎3.1 and 
Table ‎3.2, respectively.  
Table ‎3.1. Chemical composition and physical properties of cement 
 












































Mixture Design (Table ‎3.3) presents eleven series of mixtures, prepared with 
different weight fractions of ZnO and AZO nanoparticles, and a reference mixture 
without nanoparticles additives. Nanoparticles were incorporated as cement replacement 
by 0.2, 0.4, 0.6, 0.8, and 1 of weight fractions (wt. %) of cement. The total content of the 
powder including cement and nanoparticles was kept constant. In addition, the water to 
binder ratio was fixed at 0.35 for all the mixtures. At the ages of 3, 7, and 28 days, 
sample were ground and 100 mesh size powder were mixed with ethanol then heated in a 
vacuum oven for 24h at 60 ⁰C to stop the hydration process. 
3.2 Seebeck Measurement Tool 
In order to measure the Seebeck coefficient, two surfaces of cement composite 
cubes (40x40 mm
2
) were polished with sandpaper. One side was kept at room 
temperature (23+2°C) and the other side was placed on a platelet resistance heater (the 
heat was applied with a rate of 0.01 °C s
-1
 and from the room temperature to 85°C). Both 
sides were covered with copper plates with a thickness of 5mm in order to enhance the 











Table ‎3.3. Composition of pastes mixture (by weight, g/cm
3
) 
  Cement Water SP ZnO Al-ZnO 
Ref PC 593.9 207.9 2.4 0 0 
ZnO 
Mixtures 
ZnO_0.2 592.7 207.9 2.4 1.18 0 
ZnO_0.4 591.5 207.9 2.4 2.37 0 
ZnO_0.6 590.3 207.9 2.4 3.56 0 
ZnO_0.8 589.1 207.9 2.4 4.75 0 
ZnO_1 587.9 207.9 2.4 5.93 0 
Al-ZnO 
Mixtures 
AZO_0.2 592.7 207.9 2.4 0 1.18 
AZO_0.4 591.5 207.9 2.4 0 2.37 
AZO_0.6 590.3 207.9 2.4 0 3.56 
AZO_0.8 589.1 207.9 2.4 0 4.75 
AZO_1 587.9 207.9 2.4 0 5.93 
 
Seebeck coefficient was obtained using our homemade apparatus (shown in 
Figure ‎3.1): Two K-type thermocouples and two copper wires were attached to both ends 
(to the copper plates), and the temperatures (Thot and Troom) were recorded by Omega 
Temperature controller (CN616) and voltages (Vhot and Vroom) were recorded by a 







Figure ‎3.1. Seebeck coefficient test set up 
 
All the values were captured via a data acquisition (DAQ) card and national 
instrument (NI) LabView
®
2015 program, specifically coded for this purpose by the 
author. LabView
®
 (short for Laboratory Virtual Instrumentation Engineering Workbench) 
is a platform and development environment for a visual programming language from 
National Instruments. LabView
®
 is commonly used for data acquisition, instrument 
control, and industrial automation on a variety of platforms including Microsoft Windows, 
various flavors of UNIX, Linux, and Mac OS X. The program screen shots are shown in 
Figure ‎3.2. When the target temperature is specified in the software, the unit will rise the 
temperature up to the target value. The system will stay at that temperature for “waiting 
time” period. If the monitored temperatures go over final temperature, the system will 
shut down. Ramp and soaking option is not activated in this program because the gradient 








Figure ‎3.2. Lab View program for temperature controlling 
 
 
Another important factor for controlling the overshooting and oscillation is the 
proportional-integral-derivative (PID) settings. The first PID parameter is cycle time 
which is the total length of time required for the controller to do one cycle. The next 
parameter is called proportional band. Higher value for the proportional band indicates 
the higher value around the setpoint. Another factor for the PID setting is integral or reset. 
This factor controls the proportional bandwidth. And the last factor is derivative or rate. 
This factor automatically maintains the proportional band by monitoring the rate of 
increase or decrease. All the parameters and values are presented in Figure ‎3.3. 
Temperature monitoring 













Figure ‎3.3. PID settings 
 
The temperature of the specimen was increased from 25 °C to 85 °C with the 
heating rate of 5 °C/min. At each increment, the temperature was held constant for 5 
minutes in order to achieve stability in the voltage values. The schematic figure of the 
cycle is illustrated in Figure  3.4. The apparent Seebeck coefficient was then obtained by 







Figure  3.4. Temperature cycle schematic figure for Seebeck coefficient 
 
3.3 Thermal Conductivity Measurement Tool 
Thermal conductivity was measured by a longitudinal guarded comparative 
calorimeter (LGCC) made according to ASTM E1225-09 [67] and ASTM D5479-12 [68]. 
Cylinders with dimension of 25.4mm in diameter and 50.8mm in height were cast and on 
the date of each experiment, the specimens were put in a special isolated cylinder 
(equipped with thermocouples shown in Figure  3.5) to ensure one-dimensional heat flow 
generated by a cold plate. Thermal insulation was applied to reduce the heat loss. The 
steady-state thermal condition provides the possibility of measuring the heat flow of a 
material. Herein, two plain cement paste samples with known thermal properties were 
implemented as meter bars in order to measure the heat flow of an unknown thermal 
properties specimen. The thermal conductivity of the Pyrocerams can be obtained 
according to the following equation [69]: 






where λTC is the thermal conductivity of the Pyroceram (W/m K), and T is the specimen 
temperature (⁰C). And, ThermaCool TC3008 was used as thermal pad. The thickness of 
the pads was 3mm and the thermal conductivity was estimated as 3.0 W/m K. The 
temperatures were monitored with 7 P-type thermocouples with an accuracy of +0.2 ⁰C 
throughout the test set up. The heat was provided via a two-stage cold plate (Cascade 
CCP-22). The temperature of the cement was varied from 23 °C (A) to 5 °C (C) with the 
cooling and heating rates of -2 °C/h (B) and 4°C/h (D), respectively. The schematic 
figure of the cycle is illustrated in Figure  3.6. The horizontal lines (A, C, and E) show the 
wait time for the temperature increment in order to reach thermal equilibrium. 
3.4 Electrical Conductivity Measurement Tool 
Cylindrical specimens with dimension of 70mm and 35mm in diameter were cast 
for the purpose of measuring electrical conductivity. Figure  3.7 shows the mold set up 
with two 2.5 mm diameter rods longitudinally placed 20 mm from each other. The 
impedance of the specimens were captured, over a frequency range from 1 MHz to 1 Hz 
and a 100 mV AC signal, using a Solatron 1260 Impedance Gain-Phase analyzer. The 




                                                                       [9]     
where σ is conductivity (S/m), k is geometry factor (1/m), i.e. 22.15 /m
-1
 in this study, 
and R is bulk resistance (ohm.). Field emission-scanning electron microscope (FE-SEM) 
using FEI Quanta 3D FEG was performed in order to study the microstructure of the 






gold-palladium and the elemental analysis and chemical characterization was 













Figure  3.6. Temperature cycle schematic figure for LGCC 
 
 
Figure  3.7. Mold set up for electrical conductivity measurements 
 
3.5 Zeta Potential Analysis 
The effect of different dosages of superplasticizer (SP) on the zeta potential of 
cement suspensions was determined with a Colloidal Dynamics Acoustosizer IIs, and the 






The system measures zeta potential using electrophoretic light scattering. Binder was 
mixed for 15 min with water to obtain a cement suspension. The mix was sonicated for 5 
min before placing in the measuring zeta potential cell. Different polycarboxiylate 
solution from 0mg to 7mg of polymer per grams of cement were added to the mix. 
3.6 Adsorption Isotherm 
In order to determine the superplasticizer adsorption isotherms, the same mix 
design for rheology tests were used. The pore solution of the cement paste was 
centrifuged, the liquid phase was removed through a 0.45 lm Nylon filter by air pressure 
filtration and the total organic carbon content was found by a SHIMADZU TOC-
VCSH/CSN total organic carbon (TOC) analyzer. 
3.7 Rheological Measurement 
The coaxial Anton Paar MCR 302 Rheometer was used to assess the rheological 
properties of cement pastes. The inner cylinder rotates at different velocities, while the 
outer cylinder remains stationary. The resulting torque was registered at the inner 
cylinder. The rheological properties of each cement paste were determined using the 
following testing procedure. At the start of each test, the cement paste was pre-sheared 
for 60 s at the maximum shear rate employed during the test, which is 100 s
-1
. After the 
pre-shearing period, the cement paste was subjected to a stepwise decrease in shear rate 
from 100 to 2 s
-1
 in 11 steps. The rheological properties were measured at 15, 45, 75 and 
90 min. Also the static yield stress was measured at 28, 43, 58, 73 and 88 min. The 
testing procedure is illustrated in Figure ‎3.8. The rheological properties of cement-based 
materials are usually characterized with the Bingham model: 






For this equation, τ is the shear stress (Pa), τ0 is the yield stress (Pa), µp is the plastic 
viscosity (Pa s), and 

is the shear rate (s-1). The yield stress is the stress needed to start 
the flow. This means that applying a stress lower than the yield stress will not cause any 
flow in the material. The plastic viscosity is the resistance of the material to an increase 
in flow rate once the yield stress is exceeded. The yield stress and the plastic viscosity are 
the two Bingham parameters that characterize the flow properties of the studied materials. 
When the rheological measurement is performed with a coaxial cylinder rheometer, 
torque (T) and rotational velocity (N) are measured. Shear stress and shear rate data must 
be derived from the torque and rotational velocity data. When the torque is at equilibrium 
at each shear rate step, the rheological properties can be calculated by means of the 
Reiner-Riwlin equation. If the torque was not at equilibrium at a certain step, the 
respective data point was eliminated from the results.  
 
Figure ‎3.8. The rheology testing procedure 
 
The Reiner-Riwlin equation transforms the parameters G and H, defining a linear 






stable flow and no particle movements in the horizontal or vertical direction and also 
material, in the entire gap is sheared [70]. 
T=G+H.N       [11] 
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where Ri is the inner cylinder (m), Ro is the outer cylinder (m), and h is the height of the 
cylinder (m). 
The static yield stress when a concentric cylinder rheometer is employed, can be 
calculated using the following equation [71]: 
   
 
     
      [14] 
where τs = static yield stress (Pa) and r= radial parameter (m) and corresponds to the 
spread between inner radius Ri and outer radius Ro.  
3.8 Hydration Analysis 
In order to study the hydration analysis of cement paste, the heat flow rate and 
cumulative heat release were measured with a TAM Air isothermal calorimeter [72]. The 
temperature was maintained at 23 ± 0.1 °C during the test. Before starting data 
acquisition, TAM was set for 30 min to stabilize the baseline. After 10 min of mixing, the 
cement paste was poured into specific ampoules. The sealed ampoules were then inserted 







3.9 Phase Characterization 
Phase characterization and crystalline composition were performed by XRD, TGA, 
and FTIR. The samples were prepared as a power form for XRD analysis with Siemens 
D500 and thermal gravimetric analysis with TGA Quantachrome Q50. The powder was 
situated in Cu kα radiation and Ni filler with 50 kV and 30 mA working condition for 4–
75⁰ (2θ) range analyzing with step size of 0.02⁰. Jade software was used for analyzing the 
results. DSC was performed with TA Instruments DSC 2010 to approve the accuracy of 
TGA results. Samples were tested in titanium cylinder under a nitrogen gas with a 
scanning rate of 10⁰C/min from 25⁰C to 1000⁰C. FTIR with Thermo Nicolet Nexus FTIR 
was used with the ability of quantifying the chemical compositions in the range of 4000-
800 cm
-1
. 10 times scan with a resolution of 2.5 cm
-1
 was performed during the FTIR 
analysis. The phase characterization was performed using OMNIC software. In order to 
stop the hydration reactions, the samples were stored in acetone bottle for 24h and were 






CHAPTER 4. RESULTS AND DISCUSSION 
4.1 Seebeck Coefficient 
The results of apparent Seebeck coefficients for selected specimens are illustrated in 
Figure ‎4.1. The test was performed three times in order to have better accuracy and less 
overall error. It can be observed that the Seebeck coefficient increases with increasing the 
nanoparticles content until it reaches to the value of 0.4% wt. cement AZO nanoparticles. 
The Seebeck coefficient results obtained at the age of 28days are presented in Table ‎4.1. 
The results indicate that the Seebeck coefficient is 0.188 μV/K at room temperature for 
0.4 wt. % AZO. Compared with the Seebeck coefficient for the reference specimen with 
no added nanoparticle, which is 0.161 μV/K, 17% increase in the Seebeck coefficient for 
AZO_0.4 is observed, which is the highest value amongst all the mixtures. Seebeck 
coefficient is an indication of the average energy of an electron, and positive value of 
Seebeck is attributed to p-type behavior of the specimen. Moreover, it has been reported 
that the hole conduction is a predominant factor to enhance the Seebeck coefficient [2, 
51] , therefore, the increase in the Seebeck coefficient might be related to the increase in 
the contribution of holes. Holes have a higher mass compared with electrons; therefore, 
higher Seebeck coefficient for p-type materials when compared to n-type materials is 
attributed to the higher mass of holes. Thus, the increase in the Seebeck coefficient of the 






contribution of holes. Wurtizute (B4) crystal structure of ZnO has closed packed (hcp) 
sublattices, and the structure is a sp3 covalent-bond with tetrahedral coordination [73]. 
The bond dissociation energy of Zn-O and Si-O are 284.1kJ/mol and 798kJ/mol, 
respectively. Therefore, in the hydration process, the covalent-bond of ZnO nanoparticles 
are first weakened, when exposed to C-S-H. This significant difference between silicon 
and calcium chain molecules’ attraction forces, and zinc and oxygen attraction forces 
would provide more locations for nucleation sites for cement particles. Larger crystals of 
portlandite are formed when aluminum of AZO is added to the mixture. Aluminum 
accelerates the hydration process of cement paste which leads to the densification of the 
Interfacial Transition Zone (ITZ) [74-76]. Due to such accelerated reactions, C-S-H gel 
and Ca(OH)2 are formed in the presence of alumina.  
In semiconductor physics higher Seebeck coefficient illustrates lower mobility of 
electrons, and therefore, the uncompleted chemical reactions that have led to a porous, 
disconnected network structure might have decreased the electron mobility through the 
specimen. The Seebeck values for all samples are presented in Table ‎4.1. Considering the 
fact that Seebeck coefficient is the limiting factor among the two other thermoelectric 
properties, according to the thermoelectric properties presented in Table ‎4.2, AZO_0.4 is 
found to give the best results in terms of the thermoelectric properties, i.e. higher Seebeck 
coefficient, lower thermal conductivity, and higher electrical conductivity. 
Figure  4.2 shows the SEM image of the microstructure of the ZnO_0.4 and AZO_0.4 
samples at the age of 28 days. The results of energy-dispersive X-ray spectroscopy (EDX) 
are presented under each micrograph. EDX is a characterization technique that provides 






Figure  4.2 (a) and the corresponding EDX associated with K-α peaks, the cement particle 
is partially covered with ZnO and no significant hydration product is observable. 
Figure  4.2 (b), however, shows the hydration products that are formed around the cement 
particle and AZO. When hydration occurs in the presence of cement and water, C-S-H 
gel is formed. Higher amount of Ca and Si that is observable around cement particles 
could be attributed to the higher amount of hydration. It is crucial to note that the 
presented EDX result is obtained from the fractured surface of the specimens and is 
associated with the secondary mode. Therefore, the reliability of the results is not 
completely robust. The author suggests repeating the test using polished surface in a back 
scattered mode. For the specimen with ZnO_0.4, the EDX analysis showed that the 
amount of Si and Ca for the cement particle covered with ZnO is about 20% lower than 
that of the uncovered spot. This indicated a comparatively less hydration for the area that 
is covered with ZnO.  On the other hand, the EDX analysis for AZO_0.4 showed that the 
amount of Si, Ca, and Al around the spot that has covered the cement particle was higher 
than that of the uncovered cement particle. This illustrates that in the presence of 
AZO_0.4 a higher amount of hydration might have occurred compared to the ZnO_0.4 
samples. Additionally, Si, Ca, and Al weight percentage for AZO_0.4 cement composites 
is covered with AZO is considerably higher than that of the cement particle incorporated 
with ZnO nanoparticles. Although the presented EDX may not be accurate, the general 
trend is align with the results associated with the degree of hydration obtained with TGA 
analysis. Figure  4.3 illustrates the schematics of AlZnO which shows Al dopants filling 
Zn vacancies. An Al site coordinated to six oxygen atoms and four and fivefold 






schematic figure, when AZO nanoparticles are mixed with cement particles, the cement 
particles will be covered by aluminum that can cause the acceleration of the hydration 
process. Afterwards, ZnO nanoparticles cause a reduction in the hydration rate. Therefore, 
adding aluminum to zinc oxide enhances the hydration process. Increase in the degree of 
hydration could enhance the conductivity of the matrix with AZO due to an increase in 
the ionic strength of the pore solution. Moreover, an increase in the number of carriers in 
cement composite might have caused the resulting increase in Seebeck coefficient due to 
the addition of Al dopant. 
 










Table ‎4.1. Seebeck coefficient test results at the age of 28 days 
 

























313.15 2.385 2.345 2.442 2.523 2.665 2.392 2.858 2.368 2.829 2.321 2.773 
328.15 5.396 5.851 6.512 5.472 6.684 6.085 6.923 5.963 6.784 5.784 6.581 
343.15 7.805 8.615 8.949 8.101 9.224 8.701 9.610 8.440 9.514 8.102 9.228 




0.161 0.177 0.186 0.183 0.188 0.183 0.187 0.181 0.187 0.176 0.181 

























































Cement particle covered with (a) ZnO_0.4 Cement particle covered with (b) AZO_0.4 
EDX Results: Elements (Atomic weight %) 
 O Si Ca Fe Zn Al O Si Ca Fe Zn Al 
□ 36.87 7.91 40.12 7.24 2.61 5.25 28.19 11.20 43.28 9.89 0.2 7.24 
○ 33.2 9.92 44.15 8.62 0.10 4.01 34.51 9.64 41.36 9.49 0.1 4.91 
Figure  4.2. Cement particle covered with (a) ZnO_0.4 and (b) AZO_0.4 at 28 days 
 
































4.2 Thermal Conductivity 
The thermal conductivity (λ) of the specimens was calculated according to the 









                             [15] 
where qB is the average heat flow of the bottom per unit area (W/m
2
) through mortar 
sample, qT is the average heat flow of the top per unit area (W/m
2
) through mortar sample, 
TT is the average temperature of the top (K), TB is the average temperature of the bottom 
(K) and L is length of the sample (m).  
The density and thermal conductivity of the samples at the age of 28 days are 
presented in Figure  4.4. As shown, the addition of ZnO and AZO nanoparticles to the 
cement mixture leads to a comparatively lower density and thermal conductivity. The 
thermal conductivity of AZO_0.4 is 9% reduced compared to the thermal conductivity of 
the reference sample. The previous study by authors confirmed that the addition of both 
ZnO and AZO resulted in a considerable increase in viscosity [49]. The water demand of 
cement paste increases due to the higher specific surface area of the nanoparticles. Thus, 
nanoparticles absorb a significant amount of the available water in the mix, which results 
in a considerable decrease in workability. As a consequence, there was no sufficient 
water available for lubrication allowing particles free movement so that the higher shear 
stress was required to breakdown the cement paste structures, which resulted in a higher 
viscosity [24, 80]. Also, the previous study showed that, the ZnO, AZO and cement 






adsorption by cement particles to be efficiently dispersed, and the viscosity increases 
accordingly [81].  
AZO exhibited higher viscosity resulted in a stiffer mix compared to pastes 
containing ZnO nanoparticles. This behavior can be attributed to higher adsorption 
isotherm of the samples containing AZO nanoparticles compared to the samples 
containing ZnO nanoparticles [81]. The higher viscosity of the sample containing 
nanoparticles increases the amount of the entrapped air in the mixture which finally 
results in a lower density. It has been well reported that the thermal conductivity has 
direct relation with the concrete density [82-86]. Although the general trend of our 
experimental data is consistent with the existing literature, we have also observed that 
other factors may play an important role in thermal conductivity, such as crystallinity. It 
has been reported that thermal conductivity of crystalline structure is about 15 times 
higher than an amorphous structure [83], therefore, the cement composite with 
amorphous structure tends to have lower thermal conductivity [87, 88]. During the 
cement hydration, Zn(OH)2 amorphous layer is formed which covers clinker particles 




2  Zn OH Zn OH                                                     [16] 
In fact, the higher amount of ZnO and AZO nanoparticles cause the 
microstructure of the cement paste become more amorphous leading to a lower thermal 
conductivity. Therefore, Zn(OH)2 amorphous layer also affects the thermal conductivity 







Figure  4.4. Thermal conductivity of the samples at the age of 28 days 
 
4.3 Electrical Conductivity 
Figure  4.5 illustrates the electrical conductivity of the specimens. According to 
the following equation which only considers the fluid phase to be conductive [90], the 
conductivity decreases with time: 
 
0 0 0                                                                                   [17] 
where σ0 is conductivity of the pore solution (S/m), φ0 is volume fraction of pore solution, 
and β0 is connectivity of pore structure. This happens because the conductive pore fluid 






It is well known that electrical conductivity is time dependent and decreases 
through the time. Reduction in total porosity will result in the reduction in the electrical 
conductivity. As presented in Figure  4.5, at the age of 90 days, when almost the hydration 
reactions are almost over, the conductivity of AZO_0.4 is measured as 27.2x10
-3
 S/m 
which is 37% more than that of the plain cement paste. However, this value for the 
samples that have more than 0.6% wt. cement ZnO and AZO nanoparticle is significantly 
higher than that of the reference sample. This could be due to the fact that with more than 
0.6% wt. cement ZnO or AZO nanoparticle, necessary hydration reactions have not 
occurred, and more porosity might be available in the microstructure of the samples. 
Zn(OH)2 amorphous layer covers clinker particles which can cause retardation [92]. Zinc 
hydroxide and Ca
2+
 ions then reacts and CaZn2(OH)6.2H2O will be produced. Further, the 
initiation of the hydration process begins. When ZnO reacts with water, zinc hydroxide is 
produced. This will be attached to the circumference of C-S-H layers which causes a 
significant retardation effect [93-96]. The amorphous layer of Zn(OH)2 is the main cause 
of prohibiting the C3S phase participation in hydration process [89]. It is well known that 
when Zn(OH)2 reacts with calcium ions and transform into crystalline CaZn2(OH)6.2H2O 
(shown in the following equation.) And, this would cause a significant destruction on the 
impermeable layer [97].  
   
2
2 2 24 3
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Hydrated calcium aluminate growth rate is so high that the impermeable zinc 
hydroxide film cannot be formed and inhibit tricalcium aluminate (C3A) hydration. 






amount of nanoparticles. Compared with the electrical conductivity obtained for the 
reference specimen with no nanoparticle content, a significant decrease is observed for 
AZO_0.2 and AZO_0.4. The electrical conductivity of AZO_0.4 is 60% lower than that 
of AZO_1 at the age of 90 days. The conductivity values are proportional to the bulk 
volume of the pores that are accessible. Moreover, the connectivity of the pores samples 
act as an important role in the electrical conductivity of samples. Adding more than 0.6% 
wt. cement ZnO or AZO nanoparticle would cause a considerable increase in the fluid 
transport of the sample which is considered detrimental to the durability of the cement 
paste. This could be another indication of higher porosity due to the delayed hydration 
after adding ZnO and AZO to the mixture.  
 







4.4  Zeta Potential 
The stability of the colloidal system is a function of the zeta potential. Therefore, 
the determination of zeta potential enables the study of the action mechanism of 
admixtures, since the adsorption of SP on the solid surface of binder modifies the surface 
charge of the particles [98]. The variations in Zeta potential for ZnO and AZO versus the 
SP content is presented in Figure ‎4.6. The zeta potential of pure cement paste was found 
to be about -10 mV. The gradual addition of SP led to a decrease in the zeta potential 
values of both ZnO and AZO suspensions, indicating the effective interaction between SP 
and nanoparticles. In fact, polycarboxylate SP is a negatively charged polyelectrolyte, 
therefore its adsorption onto particles results in a zeta potential reduction. The AZO 
suspension exhibited higher values of zeta potential than that of ZnO suspension and 
plain cement. However, as shown, no significant change of zeta potential in various 
composites with a function of SP volume added was observed. In general, the higher this 
potential is with the same polarity, the stronger the adsorption between particles and SP is 
expected. However, as shown, no significant change of zeta potential was observed in 
various composites with a function of SP volume added, which indicated that repulsive 
potential that resulted from electrostatic interactions was negligible. Therefore, the steric 
hindrance caused by the draft side chains of the polymer, plays a dominant role compared 







Figure ‎4.6. Super plasticizer adsorption isotherms and variation in the zeta potential 
 
4.5 Adsorption Isotherms of the pastes 
The compatibility of cement paste with chemical admixture highly depends on the 
amount of polymer adsorbed onto the cement. This adsorption isotherm can be further 
related to the rheological properties of cement paste. In this study the adsorption isotherm 
was measured in two major steps. In the first step the saturation point for both 
nanoparticles and cement was determined. The second step studied the effect of different 
amount of nanoparticles on the amount of SP adsorption. The saturation dosage was 
determined as the dosage of SP, beyond which the adsorption rate did not substantially 
vary.  At each step, SP/binder was increased per 0.05 % by weight of total binder and the 
amount of adsorbed SP was measured. The results indicated that both nanoparticles 






plain cement pastes, the saturation dosage of 0.25 % by mass of binder was obtained. 
However, the obtained admixture saturation dosage for ZnO and AZO was 0.4 and 0.45 
respectively. The higher adsorption of nanoparticles might be due to its higher specific 
surface area of nanoparticles. Figure ‎4.8 presents the isotherms for the polycarboxylate 
SP adsorbed versus the amount of nanoparticles addition. The results indicated that the 
amount of SP adsorbed increases linearly with the increase of nanoparticles, however 
after a certain SP content, the adsorbed amount reached the maximum beyond which 
remains almost constant. AZO suspension exhibited higher adsorption rate than ZnO, 
which can be due to higher induced zeta potential on the particle surface. The obtained 
TOC results were in a good agreement with the zeta potential data.  
 








Figure ‎4.8. Effect of nanoparticle addition on the adsorption of SP 
 
4.6 Rheological Properties 
The rheological properties including yield stress and viscosity were calculated 
using Bingham model. These parameters can further be used to optimize the mixture 
proportions to produce the desired degree of flow and segregation resistance in concrete 
[100]. The amount of SP was kept constant in all the mixtures, in order to avoid the effect 
of such factor on the rheological properties. The evolution of yield stress and viscosity of 
the pastes containing ZnO and AZO as function of time are presented in Figure ‎4.9 and 
Figure ‎4.10, respectively. As compared to the plain cement (reference mixture), the 
addition of both ZnO and AZO resulted in a considerable increase in yield stress and 
viscosity. The higher value of yield stress and viscosity can be attributed to the fact that, 






mixture due to the higher specific surface area. Therefore, a considerable amount of 
water in the mix was absorbed by nanoparticles, leading to a significant decrease in 
workability. As a consequence, there was  no sufficient water available for lubrication 
allowing particles free movement so that the higher shear stress was required to 
breakdown the cement paste structures, which resulted in a higher yield stress and 
viscosity [24, 80]. Secondly, according to TOC data, cement and zinc oxide nanoparticles 
could compete to adsorb polymers which leave less SP available for adsorption by 
cement particles to be efficiently dispersed [81]. By comparing the effect of both types of 
nanoparticles on the rheological properties, it can be observed that AZO exhibited higher 
yield stress and viscosity resulted in a stiffer mix compare to pastes containing ZnO. This 
behavior can be attributed to higher adsorption isotherm of AZO compare to ZnO. The 
results indicated that the addition of AZO beyond 0.4 wt. %, yield approximately the 
same value of fluidity (Figure ‎4.9 and Figure ‎4.10).  
This behavior can be seen in adsorption isotherm data obtained by TOC method, 
in which the adsorbed isotherm amount of SP by AZO suspension didnot vary after 0.4 
wt. % content. This clearly implies that the mechanism of isotherm adsorbed SP by 
nanoparticles governs the rheological properties of cement pastes. For the mixture 
containing ZnO, the evolution of rheological properties were found to be similar to the 







Figure ‎4.9. The evolution of yield stress vs. time of cement paste with ZnO and AZO 
 







In order to study the thixotropic behavior, the static yield stress of AZO and ZnO 
mixtures were also measured. Thixotropy is the reversible decrease in stress under shear 
and build-up at rest due to physical effects.  During the static yield stress measurements, 
the torque of the vane necessary to obtain a constant rotational velocity of 0.001 rps was 
measured at  28, 43, 58, 73, and 88 minutes after first contact of cement and water. As the 
imposed rotational velocity was sufficiently low, different static yield stress 
measurements could be performed at different times assuming that the sample remained 
at rest the entire time. The static yield stress assumed to be the peak yield stress of the 
diagram, calculated assuming that the concrete within the vanes behaves like a rigid 
cylinder, and all the shearing happens across a cylindrical surface surrounding the vane 
[101]. 
In order to avoid the influence of experimental error, the peak torque was 
calculated as the peak of a polynomial fit around the experimental data surrounding the 
peak torque. The static yield stress results of AZO and ZnO is shown in Figure ‎4.11. The 
results indicated that the addition of AZO and ZnO led to an increase in static yield stress 
relative to the plain cement. The static yield stress showed a clear increase with time, 
indicating the thixotropic behavior of the cement pastes. As shown, the increase in static 
yield stress with time is clearly influenced by the amount of AZO and ZnO, because the 
higher amount of nanoparticle causes a faster thixotropic build-up. In general, the 
evolution of static yield stress for both AZO and ZnO mixture pastes was found to be 
similar to dynamic yield stress in which after the maximum value the static yield stress 







Figure ‎4.11. Static yield stress vs time of cement paste with ZnO and AZO 
 
The rheological properties were followed with time to investigate the workability 
retention. The main objective of this task is to understand the workability loss of the 
cement pastes with time, as a function of the use of different nanoparticle dosages. In this 
study, the average rate of dynamic yield stress and plastic viscosity change over 90 min 
has been calculated. The method of calculation for plastic viscosity is as following. First 
the change of rheological properties at 30, 45, 60, 75 and 90 minutes has been obtained 
by taking the difference between the newly measured plastic viscosity and the previous 
value, divided by the time lapse (15 min). Finally, the average rate of change of the 
dynamic yield stress and plastic viscosity were determined by calculating the average of 
the five previously obtained values using the following equations:  
 
   
  
 
   
    
 
   
    
 
   
    
 
   
    
 
   
    
 






   
  
 
   
    
 
   
    
 
   
    
 
   
    
 
   
    
 
   [20] 
The effect of both AZO and ZnO on workability retention are shown in 
Figure ‎4.12 and Figure ‎4.13, respectively. As shown in Figure ‎4.14, the addition of AZO 
up to 0.6  wt. % led to an increase in the yield stress over the time, however, the paste 
containing more than 0.6 wt. % AZO showed poor fluidity retention. On the other hand, 
the pastes containing ZnO showed excellent fluidity retention even at higher dosage. 
Figure ‎4.13 shows the effect of the addition of ZnO nanoparticle on the viscosity 
retention through the time. The results indicated a distinctive behavior, in which the 
addition of ZnO resulted in a poor viscosity retention. In general, all mixtures containing 
0.4 wt. % nanoparticles or lower showed excellent workability retention as compared to 
the reference mix while, the poor workability retention was observed at higher dosage 
than 0.4%. 
 





















Figure ‎4.13. Viscosity retention of pastes with different dosage of ZnO and AZO 
 
4.7 Hydration Analysis 
Figure ‎4.14 shows the rate of heat evolution, normalized by the mass of 
cementitious material (cement and zinc oxide nanoparticles), as a function of time for 
paste mixtures containing different dosage of ZnO. The test was performed three times in 
order to achieve a better accuracy.  
As shown, the addition of ZnO and AZO to the reference sample led to a 
significant delay in the induction period. The analyzed data including the maximum peak, 
time to maximum peak, and induction period are presented in Table ‎4.3. The samples 
with elongated induction stage had a delay reaching to hydration peak, leading to a 
significant lower cumulative heat. The results indicated that the addition of 1 wt. % ZnO 
and AZO delayed the hydration up to 110 h and 108 h, respectively. The delay in 






particles [43, 93, 95, 97, 102]. Zinc hydroxide is the product of the reaction between ZnO 
and water, which has been proven to provide a circumference around the C-S-H layer so 
that the C3S and C2S hydration were retarded [93, 97]. The retardation effect can be 
attributed to the delay in the formation of C-S-H on the surface of C3S in hydration 
reaction. The formation of amorphous layer of Zn(OH)2 is the main reason that prohibits 
C3S phase to participate in hydration process [89]. 
 
Figure ‎4.14. Heat flow of cement paste containing ZnO and AZO 
 
According to the following reaction, Zn(OH)2 can react with calcium ions and 
transform into crystalline CaZn2(OH)6.2H2O which causes destruction of the 
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[21] 
Although the Zn(OH)2 and CaZn2(OH)6.2H2O cannot be detected by XRD, the 




 and/or CaZn2(OH)6.2H2O was 
confirmed by FTIR technique which is discussed further in this thesis. Moreover, the 
results indicated that the induction period can be decreased significantly by adding 
AZO_0.2 and AZO_0.4 as compared to ZnO_0.2 and ZnO_0.4 mixtures. As presented in 
Table ‎4.3, AZO_0.2 and AZO_0.4 pastes exhibited roughly a 36 h and 51 h delay in the 
retardation time to reach the peak respectively which is 43 % and 35 % lower than the 
retardation period of ZnO_0.2 and ZnO_0.4 samples.  
Table ‎4.3. The obtained hydration parameters from isothermal calorimetry 
Sample 
End of induction 
period (hour) 
Time to maximum  
exothermic peak (hour) 
Ref PC 5 13.3 
ZnO 
Mixtures 
ZnO_0.2 58 64.5 
ZnO_0.4 98 108.3 
ZnO_0.6 98 110.1 
ZnO_0.8 100 104.1 
ZnO_1 102 110.61 
AZO 
Mixtures 
AZO_0.2 25 36.2 
AZO_0.4 60 71.2 
AZO_0.6 82 96.2 
AZO_0.8 94 106.2 






This implies that the higher Al alloy content of AZO would lead to a significantly 
change in the early hydration of cement particles and reduce the dormant periods. In fact, 
the rate of growth for hydrated calcium aluminate is so high that the impermeable 
amorphous zinc hydroxide cannot be formed and inhibited tricalcium aluminate (C3A) 
hydration. However, the results indicated that AZO_0.8 and AZO_1 showed similar 
hydration behavior to AZO_0.6 and no significant change was observed in the hydration 
peaks. This implies that the efficiency of Al content to reduce the induction period is 
highly related to the amount of AZO particle in the mixtures so that higher amount of 
AZO might even decelerate the hydration of C3A. 
4.8 X-Ray Diffraction Analysis 
Calcium silicate hydrate (C-S-H), calcium hydroxide (CH), and ettringite phase 
change analysis were performed on all mixtures at the ages of 3 and 28 days. The results 
of XRD analysis are presented in Figure ‎4.15 for 3 days and Figure ‎4.16 for 28 days. 
AZO_1 showed a significant amount of unhydrated cement particles at the age of 3 days. 
Strong change in the intensities of the peaks can be seen between PC and ZnO and AZO. 
Noticeable at 3 days (Figure ‎4.15), hkl 001 and 012 (CH) is mostly noticeable for PC at 
18.5⁰ (2θ). However, for ZnO_1 and AZO_1, no significant amount of CH was 
recognized. This is an indication of delay in hydration of C3S and C2S at high dosages of 
ZnO and AZO nanoparticles.  
Main products of hydration of C3S and C2S are calcium silicate hydrate (C3S3H3) 
often written as C-S-H and calcium hydroxide (Ca(OH)2) which are produced according 







2C3S+6H → C3S2H3+3Ca(OH)2   [22] 
2C2S+4H → C3S2H3+Ca(OH)2   [23] 
 
Therefore, lower amount of available Ca(OH)2 formation indicates lower extent of 
hydration and consequently high amount of residual tricalcium silicate and dicalcium 
silicate. ZnO_0.4 and AZO_0.4 both had a similar amount of CH at 3 days, slightly lower 
than that of the portland cement (PC). The same trend can be observed for C3S and C2S. 
PC, ZnO_0.4, and AZO_0.4 all had significant lower amount of C3S (hkl 204 and 009) 
and C2S (hkl 116, 020).    
Compared to the results obtained at 3 days, XRD analysis for the specimens at 28 days 
showed a higher amount of calcium hydroxide (CH) for PC, ZnO_0.4, and AZO_0.4. As 
can be seen from Figure ‎4.16, at 18.5⁰ and 34⁰ (2θ) a considerable decrease in the peaks 
that are related to the availability of C2S and C3S, and a comparative increase in the peaks 
of CH is observable. However, ZnO_1 and AZO_1 still show a significant amount of 
unhydrated cement, i.e. high amount of C2S and C3S. The peak of hkl 001 (CH) for 
ZnO_0.4 was comparatively lower than that of AZO_0.4. It was observed that the amount 
of C2S and C3S for ZnO_0.4 were higher than that of the amount of C2S and C3S for 
AZO_0.4. The amount of C3S (hkl 204 and 009) and C2S (hkl 116, 020) was lower for 
PC compared to that of ZnO_1 and AZO_1. The results imply that the higher Al alloy 
content in ZnO would change the hydration of cement particles. AZO_0.2 and AZO_0.4 
showed higher amount of CH at the age of 28 days compared to that of ZnO_0.2 and 
























Thermal activation alters the crystalline structure of the hydration products, and 
the degree of changes and subsequent mass loss due to evaporation can be assessed by 
DSC and TGA. The evaporation of chemical groups in different mixtures were 
determined by DSC and TGA using TA Instruments DSC 2010 and Quantachrome Q50, 











of 28 days. The results indicated the phase change in the following order: At 105 ⁰C the 
mass loss is related to evaporative water, followed by an endothermic peak related to the 
thermogravimetric mass loss at 400-600 ⁰C. This step is associated with the 
decomposition of the available structural groups. And finally, an exothermic peak 
regarding the regeneration of new structural groups at 800-1000 ⁰C is available. With 
higher amount of ZnO and AZO, the endothermic peak area decreased. Subsequently, the 
peak of the endothermic curve happened at higher temperature. The peak area, presented 
in Table ‎4.4, was calculated with TA Instrument Universal Analysis 2000 software over a 
standard time range. A linear baseline was implemented for the calculations. No 
significant change was noticed between the reference sample and the samples containing 
ZnO_0.2 and AZO_0.4 which indicates the fact that at lower dosages, such as ZnO_0.2 
and AZO_0.4 nanoparticles could interchangeably be used in the cement mixture. 
 











AZO wt. % ZnO wt. % 
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 
Endothermic peak 
(W/g) 
-0.70 -0.68 -0.55 -0.51 -0.47 -0.13 -0.58 -0.30 -0.27 -0.16 -0.12 





AZO wt. % ZnO wt. % 
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 
Endothermic peak 
(W/g) 
-0.79 -0.73 -0.59 -0.55 -0.52 -0.18 -0.59 -0.42 -0.31 -0.25 -0.16 
Area (J/g)    17.11 14.75 10.37 9.02 8.72 0.41 9.31 8.81 7.80 1.08 0.12 
 
Mass loss of water is attributed to the hydration reactions. The mass losses of 
cement paste for all specimens were obtained by thermal gravimetric analysis and the 
corresponding degree of hydration is presented in Figure ‎4.18. In order to determine each 
phase, DSC were performed. Mass loss of water due to humidity and dehydration of the 
hydration products, is the first level which happens at 30-350 ⁰C. From the DSC analysis, 
at 190 ⁰C, Zn(OH)2 is dehydrated along with other hydration products. The second level 
of mass loss is attributed to dehydroxylation of CH products. This level happens at 350-
530 ⁰C. The next level of mass loss is associated with the decarbonation of calcium 
carbonate at 530-750 ⁰C, and other products can be categorized at 750-1000 ⁰C. Rough 
estimation of DOH can be obtained by calculating the difference between the upper part 
of the TGA curve and the bottom part. The mass loss (%) of the PC was increased 30% 






of ZnO nanoparticles, instead, increased the overall mass loss from 9.83% to 11.65%. 
This value for AZO samples was calculated 14 to 17 % higher than that of the ZnO 
samples. This can be attributed to the nucleation and growth poisoning of C-S-H caused 
by ZnO nanoparticles detailed as follows [46].  
 
Figure ‎4.18. Degree of hydration for all specimens 
 
As discussed, the molecular structure of cement particles and hexagonal wurtzite 
structure of ZnO nanaoparticles are illustrated in Figure ‎4.19. As shown, ZnO has a 
wurtzite (B4) crystal structure – hexagonal cell with two lattice parameters which forms 
closed packed (hcp) sublattices. ZnO has tetrahedral coordination and it illustrates sp3 






Si-O is 798 kJ/mol. When exposed to C-S-H, ZnO nanoparticles’ covalent-bonds are 
weakened due to the higher attraction forces from silicon and calcium chain molecules. 
Therefore, it can provide higher number of locations for nucleation sites for cement 
particles. According to a recent study performed by Avadhut et al., four and five-fold 
coordinated aluminum sites and an Al site coordinated to six oxygen atoms surround ZnO 
nanoparticles. Non-conductive phases that are heavily disordered are available around 





Figure ‎4.19. Molecule structure of (a) cement particle and (b) hexagonal wurtzite 
structure of ZnO nanoparticle. 
 
It is widely known that aluminum accelerates the hydration process of cement 
composite by densification of the interfacial transition zone (ITZ) which leads to the 
formation of larger crystal of portlandite [74-76]. While no portlandite consumption is 
reported, C-S-H gel and Ca(OH)2 have been proven to be formed in the presence of 






react with the cement particles, and then ZnO nanoparticles will prohibit the hydration to 
occur. Therefore, adding Al to zinc oxide can act as an acceleration shield and could 
improve the hydration properties as expected. DSC data is in agreement with the 
calorimetry experiment analysis. The degree of hydration (DOH) of PC was increased 5% 
with age. Both ZnO and AZO mixes showed a decrease in the amount of DOH while 
increasing the concentration. The decrease amount is significant at the age of 3 and 7 
days. At the age of 28 days, AZO_0.2 and AZO_0.4 showed a slight decrease in the 
amount of DOH compared with PC, i.e. 6% and 10% lower than that of the PC mix, 
respectively. Due to the fact that AZO nanoparticles have the highest surface area to 
volume ratio amongst the common concrete particles, it is preferred to use such 
nanoparticles in the mixture. They can be considered as filler which then makes ITZ and 
the microstructure denser. 
4.10 FTIR Analysis 
Molecular absorption and transmission can be observed by means of FTIR spectra. 
The molecular finger prints and IR spectral bands for ZnO and AZO are presented in 
Figure ‎4.20 and Figure ‎4.21, respectively. In some parts of the analysis, possible FTIR 
peaks from Ylmen et al. were used to match our obtained wave numbers [103]. For CO3, 
the related wave number is 1414 cm
-1
, ν3 for SO4 is 1109 cm
-1
, and ν2 for CO3 is 872 cm
-1
 
[74]. In general, the dominant band is 920 cm
-1
, which is attributed to asymmetric Si-O 





 stretching vibration (ν3) can be observed [95]. Also at 1600 cm
-1
 wide 
bands of vibration are available. This could be due to the O-H vibration of water 
molecules [104]. From 1470-1410 cm
-1






an indication of CO3
2-
. At 860 cm
-1
 weak bands of CO3
2-
 bending vibration was 
developed. At 960 cm
-1
, a considerable high frequency band, xCaO.ySiO2.2H2O is 
formed. In the range of 1100-1140 cm
-1
 where sulfate is available, a shift to a weaker 
band (1114 cm
-1
) was observed.  
Zn(OH)2 is an amorphous compound, therefore, it cannot be determined by XRD 
analysis. According to the FTIR spectra of AZO_1 wt. %, at the age of 28 days, S-O 
stretching band has been moved from 1120 cm
-1
 to 1102 cm
-1
. No significant bending 
vibration was observed at the age of 28 days compared with 900 cm
-1
 at the age of 28 
days. Mollah et al. [93], on the other hand, specified the reason that calcium hydrozincate 
was not determined by XRD analysis. CaZn2(OH)6.2H2O is considerably lower than that 





 are found in high concentration in the porous water at 
pH values [104]. Such ions will react with Ca
2+
 ions and CaZn2(OH)6.2H2O is formed on 
the surface [95, 96]. Mollah and Yousuf [92] realized that Zn(OH)2 which is an 
amorphous layer causes retardation by covering clinker particles. This will cause further 
reaction between Ca
2+
 ions and zinc hydroxide which produces CaZn2(OH)6.2H2O. And 
after this step, hydration process will initiate. During the hydration process, CaSO42H2O 
transforms into ettringite and monosulphate. FTIR spectra of PC, AZO_0.4, and AZO_1 
is presented in Figure ‎4.21. At the age of 28 days, considerable difference between PC 
FTIR spectra and ZnO FTIR spectra was observed, which shows ZnO retardation effect 
(Figure ‎4.20). However, AZO showed slightly similar spectra to PC which is in 























CHAPTER 5. CONCLUSION 
In this study, the effect of ZnO nanoparticles and AZO nanoparticles on the 
thermoelectric behavior and fresh properties of cement pastes were studied. Results 
indicated that AZO nanoparticles can improve the hydration properties of cement paste 
by providing higher number of nucleation sites for cement particles, in comparison to 
ZnO and cement without nanoparticles. When exposed to C-S-H, AZO nanoparticles’ 
covalent-bonds are weakened in the cement paste due to the higher attraction forces from 
silicon and calcium chain molecules. Therefore, it can provide higher number of locations 
for nucleation sites for cement particles. It was also found that due to the aluminum 
acceleration shields, the pastes containing AZO exhibited better performance in terms of 
the hydration behavior. The addition of AZO nanoparticle was found to be effective in 
reducing the induction period time compared with ZnO nanoparticle, however, this effect 
is highly influenced by the amount of AZO in the cement composite in that no distinctive 
behavior on the time to reach the maximum exothermic peak was noticed for samples 
containing AZO more than 0.4 wt. %. At higher concentration than 0.6 wt. %, the 
addition of AZO and ZnO nanoparticles led to a significant delay in the hydration process, 
which can be attributed to the fact that zinc hydroxide is the product of the reaction 
between ZnO and water, which has been proven to provide a circumference around the 






ZnO nanoparticles cover cement particles leading to a small amount of hydration 
products. 
Moreover, the effect of two different zinc oxide nanoparticles on the adsorption 
isotherm and rheological properties of the cement pastes were studied. It was found that 
the amount of SP adsorbed increases significantly by incorporating nanoparticles which 
implies that nanoparticles compete with cement particles to adsorb the polymer. Both 
nanoparticles exhibited higher adsorption rate compared to cement, due to the higher 
specific surface area. This behavior resulted in a lower available SP in the mixture, as a 
result, the addition of ZnO nanoparticle resulted in a considerable increase in saturation 
point, yield stress, and viscosity of plain cement paste. AZO suspension exhibited higher 
adsorption rate than ZnO which can be attributed to the higher induced zeta potential on 
the particle surface. The rheological properties were found to be in a good agreement 
with the adsorption isotherm and zeta potential data. The mechanism of SP adsorption by 
nanoparticles was found to be a dominant factor that governs the rheological properties. 
Also, the increase in static yield stress with time is affected by the amount of ZnO and 
AZO in which higher amount of nanoparticle causes a faster thixotropic build-up. The 
workability retention results indicated that the pastes containing AZO exhibited better 
performance in terms of viscosity retention, while the addition of ZnO was found to be 
more effective in fluidity retention. All mixtures containing 0.4 wt. % nanoparticles or 
lower showed excellent workability retention compared to the pure cement mixture, 
while the poor workability retention was observed at a higher dosage.  
The results indicated that the Seebeck coefficient was increased up to 17% with 






nanoparticles. This indicates a high voltage output can be expected for the cement with 
nanoparticle incorporations which might be related to the increase in the contribution of 
holes. For electrical conductivity, a 37% increase is observed in cement with 0.4% wt. of 
AZO nanoparticles compared to that of pure cement paste. However, this value for the 
samples that have more than 0.6% wt. cement ZnO and AZO nanoparticle is significantly 
higher than that of the reference sample. This could be due to the fact that with more than 
0.6% wt. cement ZnO or AZO nanoparticle, necessary hydration reactions had not 
occurred, and more porosity might be available in the microstructure of the samples. It 
was found that by providing higher number of locations for nucleation sites for cement 
particles, AZO nanoparticles could improve the electrical conductivity of the cement 
pastes with such nanoparticles. It was also found that the addition of ZnO and AZO 
results in about 9% lower thermal conductivity for AZO_0.4 compared to the plain 
cement paste. Additional nanoparticles can enhance the phonon dispersion in cement 
paste which reduces the thermal conductivity. In addition, the density of mixtures has 
been reduced with the increase of nanoparticle incorporation, which indicates a higher 
porous structure in cement paste. The higher viscosity of the sample containing 
nanoparticles increases the amount of the entrapped air in the mixture which finally 
results in a lower density. The overall results obtained through this extensive research on 
the assessment of adding ZnO nanoparticles to cement paste suggest that such ternary 
oxides, i.e. AZO, can be potentially used for energy harvesting purpose to use the 
temperature difference between the ambient and the pavement layers, without comprising 
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